We present a new method for generating micron-scale OCT images of interstitial tissue with a hand scanning probe and a linear optical encoder that senses probe movement relative to a fixed reference point, i.e., tissue surface. Based on this approach, we demonstrate high resolution optical imaging of biological tissues through a very long biopsy needle. Minor artifacts caused by tissue noncompliance are corrected using a software algorithm which detects the simple repetition of the adjacent A-scans. This hand-scanning OCT imaging approach offers the physician the freedom to access imaging sites of interest repeatedly.
Optical coherence tomography (OCT) imaging is widely used in biological and medical fields [1, 2] . It allows for two-dimensional (2D) or three-dimensional (3D) visualization of tissue morphology at the micron scale, enabling disease diagnosis, therapy guidance, or therapy feedback monitoring [3] [4] [5] [6] [7] . The generation of 2D or 3D maps of tissue morphology requires sequential acquisition of tissue depth reflectivity profiles, also called A-scans or A-lines, following a specific scanning pattern of the OCT beam.
Various types of scanners are used for OCT imaging. These include galvanometer-mounted mirrors, piezoelectric transducers, micro-electromechanical systems, and linear or rotational motors [8] [9] [10] . The motors are used to move the OCT probe across a tissue surface or even through-tissue, instead of just scanning the OCT beam. Although for many clinical or intraoperative applications these scanning approaches work very well, there are situations when hand control of the OCT catheter is preferred. This is especially true for OCT guidance of the biopsy procedures [6, 10, 11] , where a hand-held probe could be particularly useful by offering the physician greater freedom to access specific imaging sites of interest. In addition, when imaging interstitial tissue, a handcontrolled probe is safer than a motorized one because it can be moved slowly, and thus does not significantly disrupt (tear apart) the tissue. It can also potentially provide a larger field-of-view (FOV) than a motorized one: the clinician can continue acquiring OCT A-scans while moving the probe over inches of distance. Finally, a manually scanned OCT probe could be much simpler than a motorized one, and thus easier to use in intraoperative settings and more cost-effective.
Hand scanning however comes with the inconvenience of nonuniform mapping of the tissue, and thus the crosssectional images acquired do no longer reflect the true morphology of the tissue if remapping is not performed. Fortunately, the acquired experience by the researchers in the ultrasound community can be borrowed to correct the artifact induced by the nonconstant scanning velocity in manual scanning. Various methods, including video position tracking, Doppler processing, and speckle decorrelation have recently been adopted by the OCT community to address this problem [11] [12] [13] [14] [15] . In a recent study, Liu et al. [16] have incorporated the theoretical speckle model into the decorrelation function to explicitly correlate the cross-correlation coefficient to the lateral displacement between adjacent A-scans. Although this approach seemed to work very well, it still has some drawbacks. First, a series of experimental calibrations are needed to linearize the image. Second, real-time image correction requires the implementation of the speckle cross-correlation algorithm into a software program. This correction is computationally very intensive and thus significantly increases the complexity of this OCT imaging approach.
In this study we present a new method for acquiring 2D OCT images with a hand-controlled OCT probe. A linear encoder is used to continuously monitor OCT probe movement relative to tissue entrance point, and thus to acquire A-scans only when a micron-scale incremental movement of the probe is detected. This method eliminates the potential artifact induced by the nonconstant hand scanning velocity.
The schematic implementation of this approach is illustrated in Fig. 1 . A linear encoder is attached to an OCT probe. When the probe moves, the encoder senses the movement and generates pulses that trigger the acquisition of OCT A-scans. The same signal is detected by a DAQ counter that starts the OCT data processing loop. The processed OCT signal is inserted into an array that is appended at each incoming trigger signal, forming an OCT image.
To test the method, a spectral-domain OCT engine and a linear optical encoder (Model MTE-4, MicroE Systems, Bedford, MA) were used. This encoder offers a resolution of 5 μm (2.5 μand 1 μm resolution models are available as well). Since most of the OCT probes usually provide larger than 5 μm spot size (depending on the designed imaging range), the resolution provided by this encoder enables oversampling in the scanning direction, and thus improvement of the overall quality of the OCT image.
Preliminary testing was initially performed using a regular benchtop OCT probe (see probe photograph in Fig. 2 ) and a 1310 nm OCT instrument with an axial resolution of about 10 μm in air. The sample arm of the OCT instrument was moved manually to scan the OCT beam across the sample instead of using a galvanometer. The point spread function (PSF) of the objective lens of this probe (Model LSM03, Thorlabs) was about 25 μm. However, because of oversampling of the target in the scanning direction with 5 μm resolution, the lateral resolution of OCT imaging was improved by a factor of two.
Images were recorded with and without encoder feedback. When no encoder feedback was used, the camera was triggered with TTL pulses from a signal generator. Initially, an Edmund Optics resolution chart was used to demonstrate the uniform spacing between the vertical bars. The resolution chart was Xerox copied and reduced in size by a factor of 6. Then, images of the fingertip were acquired as well. As shown in Fig. 2 , a clear improvement in image quality was observed when the signal from the encoder was used to trigger the OCT acquisition. The vertical bars from the resolution chart became uniformly spaced, while the cross-sectional image of the fingertip started to reveal small features, such as sweat glands.
However, our main goal was to implement this approach within an OCT instrument that is routinely used to image interstitial tissue. This instrument uses a fiber optic probe that is placed within the bore of a biopsy needle (Model Expect, 19 Ga, Boston Scientific), typically used for biopsies of internal organs (pancreas, liver, etc.). The biopsy needle is usually passed through the instrument channel of a GI endoscope, so that it can be inserted within an organ of interest by passing the stomach or duodenal wall. An ultrasound transducer is placed at the endoscope distal end, so that the entire procedure can be guided by ultrasound imaging.
To implement the new manual scanning approach, the rotary scanning engine was eliminated and the OCT catheter was attached to the biopsy needle, such that both the probe and the needle could be moved together. The OCT catheter used here provided a lateral imaging resolution of about 25 μm. The OCT instrument and data acquisition software were modified as well to enable the use of the signal from the encoder to drive the spectrometer camera.
The schematic representation of the manual scanning probe is presented in Fig. 3 . As observed, the encoder is attached to the biopsy needle to sense any movement of the needle relative to the tissue entrance point. The advancement of the needle within the tissue is performed by moving forward the handle relative to the needle jacket holder, which was attached to the endoscope input port. An optical scale is attached to the holder, while the optical encoder is attached to the handle. The movement of the handle relative to the holder is detected by the encoder, which generates a trigger pulse for every five microns of incremental movement of the OCT probe. Each trigger pulse generates the acquisition of an A-scan.
OCT imaging of animal tissue specimens (lung, pancreas, liver, and spleen) was performed with this probe to preliminarily test this new imaging approach. Tissue specimens were provided by the MGH animal facility under an IACUC approved protocol. Lung tissue was used first. The lung is a heterogeneous organ (contains bronchioles which end in clusters of microscopic air sacs called alveoli), and thus it is a good model to evaluate the imaging performance of this approach. The organ was kept steady by an investigator, while the other investigator maneuvered the biopsy needle/OCT probe assembly. The holder of the needle was kept steady with one hand, while the handle was pushed with the other hand so that the needle can advance through the tissue. The imaging software was designed to automatically start acquiring Alines and build an OCT image when the encoder senses the movement of the OCT probe relative to the handle. In the real clinical environment, the biopsy needle holder is Fig. 1 . Schematic of the hand-scanning implementation in a spectrometer-based OCT instrument: PC, polarization controller; BS, beam splitter; CIR, circulator. Fig. 2 . Demonstration of the hand-scanning using a regular benchtop OCT probe: (a),(b) OCT imaging with encoder feedback; (a′)-(b′) OCT imaging without encoder feedback. Note: The USAF target was Xerox-copied and reduced by a factor of 6. attached to the endoscope distal end and the investigator holds the endoscope with one hand while controlling the position of the needle handle with the other hand.
A representative image of lung tissue acquired with the hand-scanning probe is shown in Fig. 4(a) . Although fine details of tissue morphology, such as veins and bronchioles, were well recovered, some distortions were observed (see yellow arrows). The arrows indicate the areas where the encoder sensed a movement of the needle but in reality the needle did not move relative to those given locations within the tissue: the needle and the tissue moved together. It is very likely that the tissue was stiffer and the needle tip did not easily penetrate it. As a result, the camera has recorded multiple A-scans for the same tissue location and the resulting OCT image became distorted. (It also became artificially longer.)
A software algorithm has been used to eliminate the repeated A-scans. This software analyzes adjacent A-scans in the collected image and eliminates those that have almost identical summed intensity of the pixels over the entire imaging depth. The algorithm is based on the next equation:
where I Axi is the summed intensity of all pixels from the current A-scan, I Axi1 is the summed intensity of all pixels from the successive A-line, and k is a threshold constant, experimentally determined. By taking off the repeated A-scans, the image aspect ratio was restored, as shown in Fig. 4(b) . The eliminated A-scans caused the right end of the image to become black.
This undesirable imaging artifact might be smaller in a living patient, where the organ is held tighter inside the body and thus it complies better when being passed by the biopsy needle. Long OCT scans of pancreas, liver, and spleen tissue were taken to demonstrate the capability of this probe for acquiring large FOV images. Representative frames are shown in Fig. 5 . Veins and microducts are identifiable in the pancreas image, separation of the lobules in the liver image, and lymphoid aggregates in the spleen image.
In summary, we have demonstrated a new encoderbased method for acquiring OCT images with a handscanning probe. This method offers the benefit of full hand control to the imaging probe, while providing a lateral resolution similar to the motorized scanning methods. In contrast to speckle or Doppler-based techniques used for manual scanning, this method does not have directional ambiguity and has a much smaller computational load. However, the hardware is a bit more complex because of the use of the encoder. The potential use of this method is for imaging interstitial tissue and providing biopsy guidance, where full hand control to probe position is needed to sample heterogeneous lesions and determine the most suitable biopsy location.
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